Abstract: A planar lens composed of a chirped subwavelength grating (CSG) structure with high numerical aperture (NA) was designed and analyzed in this paper. The reflectivity, transmission, and phase were calibrated as a function of the grating dimension using rigorous coupled wave analysis, while the focusing properties were numerically simulated by finite-element method. The designed CSG focused the reflected and transmitted waves that have approximately the same power ratios simultaneously. Numerical aperture values of the planar lens as high as 0.91 and 0.92 were obtained for normal incidence of TM and TE polarization light, respectively.
Introduction
With the development of microfabricating technology [1] and theoretical research, subwavelength gratings have got intensive attention to date. They are widely used as optical filters [2] , [3] , optical couplers [4] - [6] , sensings [7] , [8] , and optical mirrors [9] - [13] for many unique characteristics.
Traditionally, distributed Bragg reflection (DBR) mirrors are composed of 20-40 dielectric stacks as both the top and bottom reflectors in order to obtain high reflectivity in vertical cavity surface emitting laser (VCSEL) [14] , [15] . However, using high-contrast subwavelength grating can achieve high reflectivity with only a single dielectric layer as the top DBR mirror. It also shows less material absorption and mechanical losses. Metal mirrors have larger reflection bandwidths but lower reflectivity due to absorption loss. Dielectric mirrors can achieve a higher reflectivity but smaller bandwidth limited by small index difference. However, when subwavelength grating is used as mirrors, a very broad reflection spectrum and very high reflectivity can be achieved [12] , [16] . In addition, subwavelength gratings are more compact and inexpensive than dielectric stacks in terms of fabrication and show good performance and long-term reliability. Similarly, they could also be used to replace the top dielectric stacks in microelectromechanical systems (MEMS) devices [17] , [18] .
In this paper, we proposed a chirped planar subwavelength grating to focus both the reflection and transmission beams that have approximately the same power ratio to the incident light. The total design procedure starts with calibrating the phase, transmission and reflectance distribution of the subwavelength grating with various dimensions. Then, the individual grating unit with certain dimension distribution is collected to get the target phase distribution, which is similar to that of the Fresnel lens [19] . However, subwavelength gratings offer significant advantages over Fresnel lens, such as compact footprint, broadband, potential integration with other photonic devices, and focusing of both reflection and transmission with arbitrarily power ratios. The CSG focusing planar lens presented here offers new optical functionalities for a host of passive or active devices and is widely used as power splitter. Besides, with the subwavelength grating, the mode profile of a microlaser could be shaped directly through the output mirror, the expensive compound lens systems could be replaced in a series of consumer electronic products such as DVD players or digital cameras, and a cheaper alternative could be provided to the microlens arrays used in complementary metal-oxide-semiconductor (CMOS) and quantum computation implementations dependent on trapped atoms.
Theoretical Background

Calibration of the Reflection, Transmission, and Phase shift of the Periodic Subwavelength Grating
According to Snell's law, when the plane wave is normal incident upon the ordinary reflecting mirror, the reflected wave will go back in the same way without producing focusing effect. If the reflecting surface was replaced by a subwavelength grating, the plane wave shining on the grating will be reflected at an angle with respect to the normal of the grating. The phase distribution along the x -axis for each focusing element is [20] 
where is the wavelength, f is the focal length, and n is the refractive index of the space in which the wave propagates. When ðx Þ is more than 2, it can be equivalent to the value between 0 and 2. The phase shift f of a subwavelength grating is given by dividing ðx Þ with a modulus 2 [20] 
where m is an integer satisfying 0 f 2. This analysis method is equally applicable to the transmission wave.
Reflected and Transmitted Mechanism of CSG
The chirped subwavelength grating (CSG) is a single layer that consists of high-index and lowindex materials shown in Fig. 1 . The high-index material rods represented by blue rectangles are surrounded by low-index media. For simplicity of calculation, this paper uses air as low-index materials; similar results can be obtained in case of other materials.
In order to avoid the complicated and expensive grayscale lithography and etching techniques, the thickness (denoted as t ) of the rods are kept constant in the design process. Since a grating period (denoted as P) consists of a piece of material rod (denoted as s) and airgap clearance (denoted as a), the complex reflection and transmission coefficient of the subwavelength grating can be calibrated as a function of rod width and airgap clearance. For a CSG, different rod widths and airgap clearances stand for various subwavelength grating rods (indexed as 0, AE1, AE2, etc., where 0 is the center bar). The left material rods have the same dimensions as the right for the symmetry. For a periodic subwavelength grating, the wavelength-dependent reflectance, transmittance, and phase shift of the grating can be easily obtained by using rigorous coupled wave analysis (RCWA) [21] , as well as the relationship between reflection and transmission phase for a lossless symmetric system
where r and t are the phase of reflection and transmission, respectively. Since the difference between r and t is either =2 or 3=2, the phase distributions of the subwavelength grating on either side can be approximate the same with possible discontinuities with a phase jump of . It should be noted that, although the calculation of the reflection and transmission spectra and phase diagram is for periodic subwavelength gratings, it is also applicable to design a nonperiodic CSG focusing planar lens.
Design Process
The analysis above shows that both reflected and transmitted waves of the CSG are focused simultaneously if the phase shift distribution obeys (2) . However, we also need the power distribution in certain applications. Therefore, the actual dimensions of subwavelength grating are chosen not only in accordance with phase path equation but also satisfying the particular power ratio. In this paper, we only design and analyze the reflection and transmission beams that have approximately the same power ratio, i.e., 50%, to the incident light. It is also applicable to design other planar lenses with respect to other power ratio.
Reflectivity and Phase of Periodic Subwavelength Grating
It is possible to calculate the complex reflection and transmission coefficients of any periodic structure and to numerically evaluate phase diagram, reflection, and transmission spectra for both transverse magnetic (TM) and transverse electric (TE) polarizations by using RCWA method. As an example, we considered CSG focusing planar lens design here for normal incidence of TM polarization (electric-field vector is parallel to the x -axis) light at a wavelength of 1.55 m. The subwavelength grating thickness is fixed at 1.2 m, while the airgap clearance changes from 0.1 m to 0.6 m and the rod width changes from 0.25 m to 0.8 m. Silicon is employed as the high-index material in this paper, and the refractive index is 3.48 at 1.55 m. The reflection spectra and phase diagram can be obtained by using RCWA, as shown in Figs. 2 and 3 , respectively. The refractive spectra and phase diagram for normal incidence of TE polarization (the electric field is parallel to the y -axis) light can be obtained by using the same method.
CSG Focusing Planar Lens
Given the focal length of 10 m, the phase distribution can be calculated from (2), as shown in Fig. 4 . The actual dimensions of periodic subwavelength grating are chosen, which satisfy the reflection and transmission beams that have approximately the same power ratio to the incident light at first. Then, the dimensions of CSG are selected with the phase path in accordance with (2) . For a CSG, each period provides the desired phase with a certain rod width and airgap clearance (shown in the green circles in Fig. 4) . Combining the subwavelength grating dimensions together is equivalent to using a discrete phase distribution to approximate the ideal distribution. Thus, double focusing planar lens with the same power ratio to reflected and transmitted waves is obtained by rational design of the subwavelength grating dimensions.
Simulation Results and Discussion
The performance of the focusing element is evaluated by using COMSOL finite-element method (FEM) numerical simulation. The plane wave of TM polarization normal incident from the positive z half-plane (close to the subwavelength grating surface) is approximately the same power ratio as the reflected and transmitted waves by the 46.4-m-width CSG planar lens. The H-field intensity (normalized by incident field intensity) of both the reflection side and the transmission side is plotted Fig. 3 . Phase contour as a function of rod width and airgap clearance for subwavelength grating. in Fig. 5(a) . The reflected beam is focused to a spot 10.7 m above the CSG (close to the designed focal length of 10 m), while the transmitted beam is focused at 10.5 m below the CSG. Thus, the NA is 0.91. At the focal plane, the field distribution is shown in Fig. 5(b) . The blue curve is H-field intensity of reflected wave, with a full-width half-maximum (FWHM) of 0.79 m, which is close to the diffraction limit. The red curve is the H-field intensity of transmitted wave, with a FWHM of 0.86 m.
For the TE polarization, we obtain similar results, where the power ratio to reflected and transmitted waves by the 49.2-m-wide CSG planar lens is approximately the same. The E-field intensity on both the reflection side and the transmission side is plotted in Fig. 6(a) . The reflected beam is focused to a spot 10.4 m above the CSG, resulting in an NA is 0.92, and transmitted beam is focused to a spot 10.8 m below the CSG. At the focal plane, the field distribution is shown in Fig. 6(b) . The blue curve is E-field intensity of reflected wave, with a FWHM of 0.825 m. The red curve is E-field intensity of transmitted wave. It has a FWHM of 0.85 m.
When the plane wave incidences to the CSG at a tilted angle, the phase shift distribution of reflection and transmission waves no longer satisfies the focusing condition (2); hence, no focusing exists. We also investigated the wavelength dependence of the designed structure from 1.48 m to 1.62 m. The power ratio, the FWHM of the focused spot, and the focal distance for both the reflected and transmitted beams for both TE and TM versus wavelength for 1.48-1.62 m are plotted in Fig. 7(a)-(c) , respectively. The power ratio of the focused reflected and transmitted beams keeps almost the same, while the focus length deviates with the modification of wavelength. As a result, high fabrication tolerance can be expected with the designed device due to the broadband wavelength property.
Conclusion
We have presented a high-numerical-aperture double-focusing planar lens composed of CSG. The focusing planar lens can be designed by calibrating the subwavelength grating dimensions to achieve a certain reflectivity, transmission, and phase distribution. The subwavelength grating dimensions have been chosen by two conditions; one is to make sure both the reflection and transmission beams have approximately the same power ratio to the incident light, and the other is that the phase path should meet focusing condition (2) . By FEM numerical simulation, a high NA of 0.91 has been obtained for a CSG focusing planar lens in the condition that TM polarization incident light at a wavelength of 1.55 m, while FWHMs of 0.79 m and 0.86 m have been achieved at the reflection and transmission focal planes, respectively. For the TE polarization light, an NA of 0.92 has been obtained, and the FWHMs are 0.825 m and 0.85 m at the reflection and transmission focal planes, respectively. We believe that our method can greatly reduce the cost of optical components while offering new application functionalities including active phase front correction, dynamic focusing, and cavity resonance tuning.
